INTRODUCTION
============

Bone mass is determined by the balance between the activities of osteoblasts, which form bone, and those of osteoclasts, which resorb bone. Osteoporosis, which is one of the major age-related diseases in our modern world, is caused by the unbalance of these two activities, which are influenced by diet, physical activities, hormonal status, cytokines, and clinical status, such as diabetes mellitus and glucocorticoid treatment.\[[@B1]\] Bone mass is increased by exercise but reduced by long-term bed rest, immobilization by nerve injury, and low gravity in space, causing disuse osteoporosis.\[[@B2]\]

Osteocytes, which are embedded in the bone matrix, establish an extensive intracellular and extracellular communication system via gap junction-coupled cell processes and canaliculi, through which cell processes pass throughout bone, and the communication system is extended to osteoblasts on the bone surface.\[[@B3]\] Osteocytes acquire oxygen, nutrition, and survival signals, and release various signals and soluble factors through the intracellular and extracellular communication system. The lacunocanalicular network formed by osteocytes is thought to be an ideal mechanosensory system and suitable for mechanotransduction, by which mechanical energy is converted into electrical and/or biochemical signals.\[[@B4],[@B5],[@B6],[@B7],[@B8],[@B9]\]

1. Can we reveal the functions of osteocytes by inducing osteocyte death?
=========================================================================

It has been very difficult to prove that osteocytes are responsible for sensing and transducing mechanical stress, because we need an animal model, in which osteocytes are deleted. By inducing osteocyte death, osteocyte functions could be examined. A typical example is osteocyte ablation by diphtheria toxin.\[[@B10]\] Transgenic mice expressing diphtheria toxin receptor under the control of dentin matrix protein 1 (DMP1) promoter, which directs the transgene expression to osteoblasts that are going to be embedded into bone matrix and osteocytes, showed enhanced bone resorption resulting in severe osteoporosis after injection of diphtheria toxin. However, we have to think about the special circumstance of osteocytes, which are embedded in bone.

Cells die mainly through one of three pathways, i.e., apoptosis, autophagic cell death, and necrosis, in physiological and pathological conditions.\[[@B11]\] If cells die through apoptosis or autophagy, the death is completed with the removal of the cells through engulfment by scavengers. In these cases, the cells are quietly removed without inflammation, because the integrity of cytoplasmic membranes is maintained when the phagocytosis occurs. In contrast, strong insults cause bioenergetic failure and rapid loss of cytoplasmic membrane integrity, which are core events of necrosis. Necrosis leads to rupture of the cytoplasmic membrane, and most of the intracellular content is released into the extracellular environment. As macrophages cannot pass through the canaliculi to engulf the dying osteocytes, apoptotic or autophagic osteocyte death will end in rupture of the cytoplasmic membrane, the process called secondary necrosis.\[[@B12]\] After cell rupture, immunostimulatory molecules, including the so-called damage-associated molecular pattern (DAMP) molecules, such as S100 family molecules, high-mobility group box 1 (HMGB1) protein, purine metabolites, heat-shock proteins, and uric acid, are released from lacunae through canaliculi to the bone surface and vascular channels, and facilitate the recruitment and activation of macrophages, thereby promoting the production of proinflammatory cytokines including tumor necrosis factor-alpha (TNF-α), interleukin (IL)-6, and IL-1, which are the most important proinflammatory cytokines triggering inflammatory bone loss.\[[@B13],[@B14]\] Therefore, induction of osteocyte death causes drastic inflammatory reaction in whole body, which leads to strong enhancement of osteoclastogenesis and bone resorption and inhibition of bone formation ([Fig. 1](#F1){ref-type="fig"}).\[[@B12]\] The effects of massive necrosis of osteocytes will not be restricted to the osteoclasts and osteoblasts, and any organs and tissues will be affected. Thus, we cannot evaluate the functions of osteocytes by inducing osteocyte death.

2. Can gap junction protein alpha-1 (GJA1) conditional knockout mice be mouse models for the evaluation of osteocyte functions?
===============================================================================================================================

Gap junctions, which are responsible for intracellular communication of osteocytes, are composed of GJA1 (connexin 43). In GJA1 conditional knockout mice using DMP1 Cre transgenic mice, the intracellular communication system is disrupted but the extracellular communication system through canaliculi is intact.\[[@B15]\] In this mouse model, osteocyte apoptosis is increased, osteoclast number and surface are increased at the endocortical surface, and the marrow cavity is enlarged. This indicates that the osteocyte apoptosis in conditional GJA1 knockout mice could induce bone resorption, probably because the intracellular content of dead osteocytes could be released through the intact canalicular network and trigger osteoclastogenesis and bone resorption ([Fig. 1](#F1){ref-type="fig"}). Therefore, the effects of osteocyte death mask the functions of osteocytes. The response to mechanical stress was examined in three groups using conditional GJA1 knockout mice. However, the responses to mechanical stress in the GJA1 conditional knockout mice were variable. In the unloaded condition by hind limb muscle paralysis, bone resorption was enhanced in the endocortical surface of tibiae in wild-type mice but not in the conditional GJA1 knockout mice using 2.3 kb collagen type I alpha1 (COL1A1) promoter Cre transgenic mice, in which GJA1 is deleted in osteoblasts and osteocytes.\[[@B16]\] However, the fact that bone resorption in the endocortical surface of the conditional GJA1 knockout mice was enhanced in the physiological condition makes the evaluation difficult. Two groups reported the response to mechanical stress in the GJA1 conditional knockout mice using human osteocalcin promoter Cre transgenic mice, in which GJA1 is deleted in mature osteoblasts and osteocytes. Zhang et al.\[[@B17]\] showed that periosteal bone formation is enhanced by mechanical loading in the conditional GJA1 knockout mice but not in wild-type mice, while Lloyd et al.\[[@B18]\] showed that bone formation in both endocortical and periosteal surfaces is decreased in wild-type mice but not in the GJA1 conditional knockout mice at unloading. Therefore, further evaluation of GJA1 conditional knockout mice, including GJA1 conditional knockout mice using DMP1 Cre transgenic mice, is required to reveal the involvement of intracellular communication system in the regulation of bone mass by mechanical stress.

3. Can oeteoblast-specific Bcl-2 transgenic mice be a model mouse for the evaluation of osteocyte functions?
============================================================================================================

Unexpectedly, we found that overexpression of *Bcl-2* in osteoblasts using 2.3 kb COL1A1 promoter eventually caused osteocyte apoptosis due to a reduction in the number of osteocyte processes.\[[@B19]\] *Bcl-2* is able to form a complex with actin and gelsolin, which functions to decrease gelsolin-severing activity to increase actin polymerization, and to suppress cell adhesion, spreading, and motility.\[[@B20]\] Therefore, *Bcl-2* seemed to alter cytoskeletal organization and reduced the number of osteoblast processes. When the osteoblasts with reduced number of processes are embedded into bone matrix and become osteocytes, the osteocytes also have a reduced number of processes, and the number of canaliculi, which the processes pass through, is also reduced. The osteocytes cannot get enough oxygen, nutrient, and survival factors through Gap junction and canaliculi and die by apoptosis.\[[@B19]\] Indeed, secondary necrosis occurs in these osteocytes but inflammatory reaction does not occur, because the number of canaliculi is severely reduced and immunostimulatory molecules cannot be released from lacunae to the bone surface and vascular channels ([Fig. 1](#F1){ref-type="fig"}). Therefore, both intracellular and extracellular communication systems are disrupted in *Bcl-2* transgenic mice.\[[@B12],[@B21]\]

In *Bcl-2* transgenic mice, osteoclastogenesis and bone resorption are reduced, indicating that osteocytes stimulate osteoclastogenesis and bone resorption in physiological condition.\[[@B21]\] Osteocyte death occurs during aging, after menopause, at unloading, and at pathological conditions such as microcracks, and the death of osteocytes is closely coupled with bone resorption.\[[@B22],[@B23],[@B24]\] As the death of osteocytes induces bone resorption, it has been generally considered that the physiological function of osteocytes is to inhibit bone resorption.\[[@B10],[@B25]\] Therefore, it is critical to discriminate the effects of osteocyte death and the functions of osteocytes ([Fig. 1](#F1){ref-type="fig"}).

In *Bcl-2* transgenic mice, osteoblast function and bone formation are enhanced, indicating that osteocytes inhibit osteoblast function and bone formation in physiological condition.\[[@B21]\] The function of osteocytes in bone formation in the physiological condition has been controversial. Ablation of osteocytes by diphtheria toxin severely reduced bone formation, indicating that osteocyte death also affects bone formation ([Fig. 1](#F1){ref-type="fig"}).\[[@B10]\] In contrast, osteocyte density was negatively correlated with bone formation, and both the empty lacunar density and periosteal bone apposition increase with age, suggesting a linkage between the two phenomena.\[[@B26],[@B27],[@B28],[@B29],[@B30]\] Mice carrying a targeted mutation of COL1A1, encoding a collagenase-resistant form of type I collagen, showed osteocyte apoptosis and increased bone formation.\[[@B31]\] Further, enhanced bone formation at the periosteal and endocortical surfaces is localized in the area, in which viable osteocytes are lost, in the osteocyte-specific GJA1 knockout mice ([Fig. 1](#F1){ref-type="fig"}).\[[@B15]\] Therefore, many previous findings also support our conclusion that osteocytes inhibit osteoblast function and bone formation in physiological condition.

4. How do osteocytes regulate bone mass in unloaded condition?
==============================================================

In unloaded condition, which is obtained by tail suspension, bone mass is reduced due to the enhanced bone resorption and reduced bone formation in wild-type mice. In *Bcl-2* transgenic mice, however, neither enhancement of bone resorption nor reduction of bone formation occurs and bone mass is maintained in unloaded condition, indicating that osteocyte network is responsible for bone mass regulation in unloaded condition.\[[@B21]\] In unloaded condition, receptor activator of nuclear factor-kappa B ligand (RANKL) expression is upregulated in osteoblasts in wild-type mice but not in *Bcl-2* transgenic mice. Further, sclerostin (*SOST*) is locally induced at unloaded condition in osteocytes of wild-type mice but not *Bcl-2* transgenic mice. Therefore, osteocyte network regulates bone mass in unloaded condition, at least in part, through the upregulation of RANKL expression in osteoblasts and upregulation of Sost expression in osteocytes.\[[@B21]\] RANKL and osteoprotegerin (OPG), which is a decoy receptor of RANKL, are relatively highly expressed in osteocytes.\[[@B21]\] RANKL is a membrane-bound protein and OPG is a secreted protein. OPG secreted by osteocytes passes through canaliculi and reaches the bone surface or vascular channels, but many OPG will be trapped by RANKL on the surface of osteocytes before reaching to the bone surface or vascular channels. As RANKL deletion using DMP1 Cre transgenic mice results in the increase of bone mass,\[[@B32],[@B33]\] OPG secreted by osteocytes seems to play an important role in the regulation of bone mass in physiological condition.\[[@B12]\] As OPG expression in osteoblasts and osteocytes is unchanged in unloaded condition, however, OPG does not seem to be involved in the bone loss in unloaded condition.\[[@B21]\]

CONCLUSION
==========

Osteocyte functions were estimated by events caused by osteocyte death, and osteocytes have been generally considered to inhibit bone resorption ([Fig. 1](#F1){ref-type="fig"}). Using *Bcl-2* transgenic mice, in which both intracellular and extracellular communication systems are disrupted, osteocyte functions have been clarified. Osteocytes stimulate osteoclastogenesis and bone resorption and inhibit osteoblast function and bone formation in physiological condition ([Fig. 1](#F1){ref-type="fig"}). It has been also proven that osteocyte network is responsible for bone mass regulation in unloaded condition using *Bcl-2* transgenic mice. Osteocyte network regulates bone mass, at least in part, through the upregulation of RANKL expression in osteoblasts and upregulation of Sost expression in osteocytes in unloaded condition. In exercise, the osteocyte network decreases the inhibitory effects on bone mass by reducing the stimulatory effect on osteoclastogenesis and the inhibitory effect on osteoblast function, leading to an increase in bone mass. Indeed, additional mechanisms will be involved in the increase of bone mass by exercise and they remained to be clarified.
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![Mouse models for the evaluation of osteocyte functions. (A) Massive osteocyte necrosis enhances osteoclastogenesis and inhibits bone formation by inhibiting osteoblast maturation, resulting in severe osteoporosis. The mouse model of osteocyte ablation shows the effects of massive necrosis of osteocytes. (B) In conditional gap junction protein alpha-1 (GJA1) knockout mice, low or moderate number of osteocytes die by apoptosis. After the rupture of the cytoplasmic membrane, immunostimulatory molecules are released and osteoclastogenesis is enhanced. The increased apoptosis is associated with the enhanced bone formation. (C) In *Bcl-2* transgenic mice, massive osteocyte death occurs but immunostimulatory molecules are not released due to the severe reduction in the number of canaliculi. In *Bcl-2* transgenic mice, osteoclastogenesis is inhibited and bone formation is enhanced.](jbm-21-55-g001){#F1}
